Objective: To compare different approaches (visual estimation of individual BMI curves with polynomial models) to estimate age at adiposity rebound (AR), as different approaches might lead to different results. AR has been suggested as a critical period between intra-uterine life and early adulthood, and recent data showed that early age at AR is associated with higher body mass later in life. Methods: Longitudinal anthropometric data from the DOrtmund Nutritional and Anthropometric Longitudinally Designed (DONALD) Study were used to obtain individual BMI growth curves. We then compared the visual estimation approach to polynomial models in three different scenarios reflected by different data sets: an idealistic, an realistic, and a realistic scenario with imputed values. Results: In all three scenarios, the visual estimation yielded significantly higher estimates than the polynomial models of 2nd or 3rd order. Cross-tabulations of groups of age at AR (early, medium, and late) showed that truly concordant classification was low, ranging only from 51 to 63%. A closer examination of the data indicated that the differences in estimates were mainly due to differences in the underlying definitions: the polynomial models select the nadir in the growth curve as the age at AR, whereas the visual estimation deviates from this concept in those cases where there is plateau in the growth curve. In the latter instance, the turning point of the growth curve before its increase is selected as the age at rebound. Only when the underlying criteria for the estimation of AR with the visual approach were modified, could concordant results between the two approaches be obtained. Considering the underlying physiological basis, it became clear that approaches which determine AR by simply identifying the nadir in the BMI curve do not reflect AR appropriately. This refers to those cases in which the nadir in the growth curve and the turning point at the onset of the adiposity increase are not identical. Conclusions: Estimating AR with the visual approach appears to best reflect the physiological basis of the AR, and is also preferable, because it resulted in the lowest number of children with missing estimates for age at AR.
Introduction
In most industrialized countries, the prevalence of overweight and obesity among children and adolescents has increased dramatically over the last decades. 1, 2 Despite intensive research, the exact causes of this increase remain to be elucidated. An important area of research focuses on critical periods between intra-uterine life and early adulthood. Current research identified the prenatal period, the first postnatal months of life, the time of adiposity rebound (AR) and puberty as such critical periods, during which external influences might exert a long lasting effect on later weight development. 3, 4 AR occurs during childhood (usually between age 4 and 8) when the child starts to gain more weight relative to linear growth ( Figure 1 ). Several studies indicated that an early age at AR is associated with overweight and obesity later in life. [5] [6] [7] [8] [9] [10] To study the effects of the AR phenomenon or its determinants, the age at AR needs to be determined. Conceptually, the definition of AR is clear and defined as the nadir in the body mass index (BMI) growth curve before its rise. However, the application of this concept to empirical, serially collected data with its various sources of variability and potentially missing data quickly reveals that the identification of age at AR is truly a question of estimation.
To date, two predominant approaches have been utilized: (1) the visual evaluation of individual, serial BMI values usually plotted as curves with subsequent selection of age at AR based on predefined decision rules (e.g. Rolland-Cachera et al.
11
, Dorosty et al.
12
) and (2) the application of 2nd or 3rd order polynomial equations to serial BMI data of individuals, with the estimation of the age at AR from the respective local minimum of the model's curve (e.g. Whitaker et al., 6 Siervogel et al.
13
). As different approaches might lead to different results, study comparability and conclusions may thereby be impaired. To date, no formal evaluation has been published that compares the outcome of these different approaches to the estimation of age at AR.
The following analyses compare the estimation of AR based on the visual evaluation with the modelling approach (2nd and 3rd order polynomial) and explore their respective advantages and disadvantages in three differing scenarios: the first scenario is an idealistic one, reflecting an optimal situation where for all subjects AR can be estimated with the different approaches. Here, the performance of the approaches can be directly compared. In contrast, the second scenario reflects a more realistic situation with no prior selection of subjects according to their BMI curves. Here, undeterminable age at AR might occur, for example, due to growth curve characteristics, which do not allow the fitting of polynomial curves. Finally, a third scenario with imputed values for height and weight to replace missing values was used, as missing values are a frequent problem of longitudinal studies.
The aim of these analyses was to compare the different approaches estimation of age at AR, and to derive recommendations for future research. Anthropometric data from the longitudinal DOrtmund Nutritional and Anthropometric Longitudinally Designed (DONALD) Study 14 were used for this methodological evaluation.
Materials and methods

Study population
The data for this analysis were taken from the DONALD Study, an ongoing longitudinal cohort study with detailed annual anthropometric measurements that was started in the city of Dortmund, Germany, in 1985. Children are recruited at 3 month of age and are followed until the ages 21 (girls) and 23 (boys). Measurements of body height and body weight are obtained at least annually by trained and quality monitored personnel. Further details of the study design and procedures have been previously published. 14, 15 For this analysis, we generated three different data sets from our cohort, each reflecting one of the three scenarios. For scenario 1, we included data from children with anthropometric measurements between birth and 10 years of age who did not have gaps for height and weight greater than 1.5 years between two consecutive measurements. In addition, if AR could not be estimated (e.g. due to an unusual growth curve, no model fit for polynomials possible) with either approach, the observation was deleted. A sample of 117 children fulfilled these criteria. This data set represents an optimal scenario, which allows a direct comparison of the performance of the different approaches.
Scenario 2 comprised data from children with a first anthropometric measurement within the first 2 years of life, who did not have gaps of missing data greater than 1.5 years between two consecutive measurements. Additionally, if there was a strong increase in BMI between ages 4 and 6, these children had to have been measured up to at least age 8 years, to ensure that the AR has already occurred. This data set with N ¼ 471 represents a realistic study scenario with missing data.
For scenario 3, we included the children from data set 2 and replaced all missing BMI values by linear imputation of values for height and weight. In addition, BMI values at 6-month intervals were linearly imputed to obtain smaller intervals between data points. This realistic scenario with imputed data for missing values represents a typical situation in long-term studies, which suffer frequently from interruptions in study participation.
The two approaches to estimate AR, that is, the visual estimation and the 2 polynomial models were applied to the three scenario data sets (1 ¼ optimized; 2 ¼ real situation without imputation; 3 ¼ real situation with imputation).
Anthropometric measurements
In children up to 3 years of age, recumbent length was measured with an infantometer to the nearest 0.1 cm. Beginning at age 2, standing height was assessed with an electronic stadiometer to the nearest 0.1 cm. Owing to the differences between recumbent length and standing height (on average length is greater than height when measured at the same time), a mathematical correction was used to compute standing height for children age 3 and younger. 16 This correction factor is based on data from children who were measured successively in standing and lying positions, and leads to a series of smoothened BMI measurements. BMI was calculated as weight (kg) divided by height (m) 2 . BMI at birth was abstracted from the pregnancy booklet each women brought to the first examination. 
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Statistical analysis
For the visual estimation of the age at AR all individual BMI curves were plotted. The following criteria to determine the AR, as found in the literature, 11, 12 were applied:
(1) Age at lowest BMI-value between age 2 and 10 (2) Subsequent BMI values at least 0.1 kg/m 2 higher (3) In case of a plateau (two consecutive values were equal), use of the last value
The results of this approach are depicted as Visual Estimation with Complete Criteria (VE comp ). As a result of our analysis, we also modified this approach slightly by omitting the second and third criteria, which is depicted as VE simp . This modification was found to be necessary for observations with a plateau in the BMI-curve, because discrepancies in AR estimation were identified in these cases. We therefore added this simplified visual estimation approach to our analyses, which did not contain the additional specifications that were used in case of a plateau in the BMI-curve, and repeated all analyses.
Two polynomial models were used for estimating age at AR: a quadratic and a 3rd order model. The AR is estimated as the curve's first nadir after age 2. For fitting the quadratic curve, data with observations between ages 3 and 9 years and additionally the next previous and the next subsequent measurement outside this window were used to fit the model: log(BMI)
The AR is estimated by the root of the first derivative if it describes a nadir and is contained within the observational window. The 3rd order polynomial (log(BMI)
has been widely used for estimating the AR, since it can describe a curve that first decreases, reaches a nadir and then increases up to a maximum. This describes the average BMI-curve for ages higher than 2 years, where the curve's nadir describes the AR if its value falls between 2 and 10 years. For the third scenario, missing BMI values were imputed by separate linear imputation of missing height and weight measurements. For that we assumed that height and weight can be reasonably approximated within short time intervals. As a result, values for height, weight and BMI from birth up to 10 years of age were available for every 6 months.
Estimates of AR were compared by calculating means, mean differences, and by testing for statistically significant differences using paired t-tests. Age at AR was then divided into categories of early age at AR (p4.5 years), medium age at AR (4.6-6.9) and late age at AR (X7 years). Cross-tabulations of categories of age at AR were used to determine the percentages of concordant classification and of misclassification.
Statistical analyses were performed using SAS s statistical systems, release 8.2 (SAS Institute Inc., Cary, NC, USA).
Results
Mean age at AR was estimated with each method and mean differences between these estimates were calculated, comparing the two polynomial models to the visual estimation approach. Since the application of the visual estimation approach resulted in considerable differences in the results (Table 1) , we repeated all analyses with a definition for the visual estimation that more closely corresponded to the polynomial models (VE simp ). For that exercise, we omitted criteria 2 and 3 of the visual estimation approach, which define how to handle plateaus in the BMI curves. Table 1 presents the estimates of mean age at AR for the different approaches in all three scenarios. The visual estimation with the complete criteria (VE comp ) yielded the Estimation of adiposity rebound A Kroke et al highest estimates in all data sets. In the optimized scenario, the simplified visual estimation (VE simp ) yielded a higher estimate than the polynomial models, but its value was much closer to the polynomial estimates than the VE comp value. Minimum and maximum values were quite similar across approaches and between the different scenarios. Undeterminable age at AR was highest for the quadratic model in both data sets 2 and 3, whereas the VE comp had the lowest number of missing values for age at AR. The comparison of estimates between scenarios 2 and 3 (realistic situation with and without imputed values) resulted in statistically significant differences, which were small in absolute value though (data not presented). Table 2 presents the mean differences between the visual estimation and the polynomial models. Statistically significant differences between the visual estimation and the polynomial models were only seen, when the VE comp was applied. Removing the additional criteria (VE simp ) revealed good concordance of the visual estimates to the polynomial estimates. Here, differences were largest between VE comp and the quadratic model. The closest agreement between the VE simp and the polynomial models was found in scenario 3 (realistic situation with imputed values).
The application of the different order polynomial models showed that their estimates of age at AR differed significantly in scenario 2 (realistic situation without imputation), but not in scenario 3, the realistic situation with imputed values (data not presented).
As in previous analyses, categorization of age at AR into groups such as early, medium and late has been used 5, 11, 12 We created such categories with our data and used crosstabulations to investigate rates of misclassification. Crosstabulations of the categorizations as they were derived from the VE comp and the different polynomial models are presented in Table 3 . While complete misclassification was very rare, ranging from 0 to 3%, truly concordant classification was low, ranging from 51 to 63%.
Discussion
The purpose of this analysis was to formally evaluate two different approaches for the estimation of age at AR: the visual estimation of individual BMI curves and the application of polynomial models. Both approaches have been applied in previous studies. 5, 6, 12, 13, [17] [18] [19] As a first step, both approaches were applied to an idealistic scenario where the estimation of AR was possible in all subjects. It became apparent that the visual approach resulted in significantly higher estimates of age at AR compared to the polynomial models. The lack of agreement between the polynomial and the complete visual estimation approach became even more evident when age at AR was categorized into groups of early, medium and late age at AR, and the results of both estimation approaches were crosstabulated. Although complete misclassification was rare, only 51-63% of the subjects were put into the same category by both approaches.
A closer examination of the data indicated that the differences in estimates were mainly due to differences in the underlying definitions: the polynomial models select the Estimation of adiposity rebound A Kroke et al nadir in the curve as the age at AR, whereas the visual estimation deviates from this concept in those cases where there is a plateau in the curve and/or changes in BMI values below 0.1 BMI unit (Figure 1 ). In the latter instance, the turning point of the curve before its increase is selected as the age at rebound. This described difference in age at AR estimates is an important finding with implications for the interpretation of study results. Firstly, when comparing estimates of age at AR across different studies, one must be aware of inherent differences that are due to the underlying methodology. Furthermore, nondifferential misclassification of age at AR in association studies might yield varying results depending on the selected definitions. As a consequence, associations might be biased towards the null hypothesis, for example, the effects of age at AR on future weight development or the effects of determinants of age at AR might be underestimated. Further analyses are required to determine to what extent these methodological differences are a source of differential misclassification.
When observations with a plateau in the BMI-curve were removed from the data sets (E15% of observations) and the analyses were repeated, the estimates of age at AR between the visual approach and the polynomial models did not differ. We therefore added a simplified visual estimation approach (VE simp ) to our analyses, which did not contain the additional specifications that were used in case of a plateau in the BMI-curve. The analyses in all three scenarios then showed that the simplified visual approach and the polynomial models did not differ significantly in their estimates. We conclude that if the underlying definitions for age at AR are the same, the results obtained by the two approaches are essentially identical. This was also true for the analysis of the third scenario. Here, linear imputation methods were used to obtain complete half-yearly BMI values. Adding these imputed values did not yield substantially different results for estimating AR. This suggests that the relatively strict conditions on inclusion criteria (measurement gaps not longer than 1.5 years, as applied in our analyses) already allow a good description of a child's growth curve. In cases of wider gaps with missing values or studies with fewer measurements, this conclusion might not be applicable. However, a discussion on the minimum amount of data required for plotting a child's BMI curve is beyond the scope of this paper.
In order to decide which approach best reflects the concept of AR, it is essential to reconsider its physiological basis. According to the considerations of Rolland-Cachera et al.
11 who first introduced the term AR, both the size and number of adipocytes begin to increase during this period, thereby characterizing the changes in body fat which correspond to the rebound in adiposity. Both adipose cell size and cell number have been shown to increase at ages between 5 and 7 and 8 and 10, respectively. 20 AR therefore indicates the onset of the increase in adiposity before the pubertal growth spurt. Considering this underlying physiological basis, it becomes clear that approaches, which determine AR by simply identifying the nadir in the BMI curve are not reflecting AR appropriately. This refers to those cases in which the nadir in the BMI-curve and the turning point at the onset of the adiposity increase are not identical. The polynomial approach mathematically estimates one exact nadir. Owing to fitting a smooth curve no further conditions for the AR (especially in the case of 'plateaus') can be included into a simple polynomial model. Therefore, polynomial models do not appear to be an entirely adequate approach for determining age at AR. Different statistical models would therefore have to be investigated for estimating the AR based on mathematical functions, for example, the use of SPLINES. So far, one other approach to determining age at AR has been suggested and applied, this being the random coefficient model. 6 However, random coefficient models have the underlying assumption of randomness of missing values. As this assumption was not met in our data set, and it is unlikely that it would be met in other longitudinal data sets, this approach was not considered in this methodological evaluation.
In conclusion, our study is the first to have specifically compared the visual estimation approach to a statistical model for the estimation of the age at AR and to have shown Estimation of adiposity rebound A Kroke et al significant differences in these estimates. Based on our findings we feel that the concept of age at AR is most directly reflected in estimates based on a visual estimation of the BMI curve. This approach takes into account the criteria for identifying the onset of the increase of BMI and not simply the nadir in the curve. To avoid the tedious work of plotting and inspecting each individual's BMI curve, a SAS s procedure for the visual estimation was written. Our visual estimation and the program-based visual estimation yielded entirely identical results, as determined in an additional analysis of the data (Table 4) . A further advantage of the visual estimation approach is the low number of missing values (i.e. estimation not possible) for age at AR as demonstrated by our analyses. Given the sparseness of longitudinal growth data and the difficulties in obtaining them, it is desirable to avoid excluding whenever possible. Estimation of adiposity rebound A Kroke et al
